Context: Albright hereditary osteodystrophy (AHO) is caused by heterozygous inactivating mutations in GNAS. Depending on the parental origin of the mutated allele, patients develop either pseudohypoparathyroidism type 1A (PHP1A), with multihormone resistance and severe obesity, or pseudopseudohypoparathyroidism (PPHP), without hormonal abnormalities or marked obesity. Subcutaneous ossifications (SCOs) are a source of substantial morbidity in both PHP1A and PPHP.
A lbright hereditary osteodystrophy (AHO) is a disorder caused by heterozygous inactivating mutations affecting exons 1 to 13 of GNAS, the gene encoding the a-subunit of the stimulatory G protein (Ga s ), which couples heptahelical receptors to the stimulation of adenylyl cyclase [for review (1, 2) ]. AHO is associated with a constellation of features, including short stature, brachydactyly, subcutaneous ossifications (SCOs), and dental abnormalities. Patients with GNAS mutations on the maternally inherited allele are obese (3) and often manifest resistance to several hormones [such as parathyroid hormone (PTH), thyrotropin (TSH), luteinizing hormone, follicle-stimulating hormone, and growth hormone releasing hormone (GHRH)] that use Ga scoupled receptors, a condition termed pseudohypoparathyroidism type 1A (PHP1A). In contrast, patients who inherit mutations from the paternal allele have the AHO phenotype alone and do not exhibit any of the previously mentioned hormonal resistances or severe obesity, a condition termed pseudopseudohypoparathyroidism (PPHP) (2, (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Moreover, there is a subgroup of patients with paternally inherited GNAS mutations who have progressive osseous heteroplasia (POH), a separate disorder characterized by severe heterotopic ossifications penetrating into the deep connective tissue and skeletal muscle without the AHO phenotype or hormonal abnormalities (16) (17) (18) (19) . For the current study, we excluded any patients with concomitant POH, as previously described in patients with PHP1A (20, 21) . [Please note that PHP1A, PPHP, and POH are all classified as iPPSD2 (inactivating PTH/PTHrP signaling disorder 2) according to a new proposed classification nomenclature (22) , which does not include the parental origin of the mutation.]
Some of the variable phenotypes that arise from identical GNAS gene defects can be attributed to paternal imprinting. For example, the presence or absence of hormonal resistance in association with AHO was first defined through the clinical analysis of numerous pedigrees (23) . Subsequent to this, murine models with targeted disruption of the Gnas gene were studied and found to display evidence for tissue-specific silencing of Ga s expression from the paternal allele (24) (25) (26) . This tissuespecific imprinting has been found to be partial in most tissues examined with preferential expression of the maternal allele in the renal cortex, pituitary, thyroid, and gonad (6, 8, 12, 13, (24) (25) (26) . In addition to the partial tissue-specific imprinting in certain hormonally responsive tissues, there is biallelic expression in other tissues such as skin (27) , bone (14) , chondrocytes (28, 29) , adipocytes (14, 25) , and heart (25) .
The AHO phenotype is extremely variable in its severity, even among members of the same family and generation (9, 14, 30) . SCOs have long been described as part of the phenotype of AHO and are a very distinct and specific characteristic of this disorder. SCOs can cause substantial pain and morbidity that can affect the activities of daily life, and they can occur spontaneously or secondary to trauma. Even when surgically removed, they can often recur, thereby leading to unnecessary medical procedures, risks, and expenses. Understanding the prevalence and etiology of these SCOs could potentially lead to the discovery of treatments not only for SCOs in AHO but also for heterotopic bone formation that occurs commonly in the general population, such as secondary to hip surgery, spinal cord and brain injury, disc replacement, burns, blunt trauma, and amputations (31) (32) (33) (34) . These heterotopic ossifications can lead to substantial morbidity, including decreased joint mobility, functional impairment, pain, and possible additional surgeries. Finally, determining the mechanism of ectopic bone formation could potentially help with conditions in which it would be advantageous for bone to form, such as fracture repair (35) . In addition, a better comprehension of the etiology of ossification formation could lead to a better understanding of the mechanisms of osteogenesis in general, with potential implications for therapies in osteoporosis. In this regard, recent studies have suggested that a key role for Ga s in bone is to regulate osteoblast differentiation by maintaining the proper balance between Hedgehog and Wnt signaling pathways (36) (37) (38) .
Our study examined the presence and progression of SCOs in the largest cohort of mutation-confirmed patients with AHO to date. Of note is that the physical examinations within this study were all performed by a single examiner over a period of 16 years. In addition, this is the first study, to our knowledge, to evaluate the relationship of SCO in AHO to genotype, sex, age, hormonal status, and body mass index (BMI). Prior examination of clinical data from multiple centers reported the presence of various components of the AHO phenotype, including SCOs in 55 children with AHO (45 with PHP1A and 10 with PPHP), although these patients were not mutation confirmed, and no correlations were made regarding the SCOs (39). Adegbite et al. (40) examined specific genotype-phenotype correlations in 111 individuals with cutaneous and SCOs with confirmed mutations in GNAS. Most of the patients examined had POH, although 10 had PPHP, and 12 had PHP1A/1C. No genotype correlation could predict the progressive forms of heterotopic ossifications (e.g., POH) from the nonprogressive forms (osteoma cutis, PPHP, and PHP1A/ 1C). Most recently, de Sanctis et al. (41) analyzed a group of patients with PHP1A for the presence of SCOs. In general, they reported similar findings to those described later in our study, although the prevalence of SCOs was higher in our study, perhaps reflecting the longer time period over which individual patients were evaluated in our study. The de Sanctis et al. study also did not include patients with PPHP.
The purpose of our study was to examine mutationconfirmed patients with AHO to investigate possible genotype-phenotype correlations and further elucidate the role of GNAS in the formation of SCOs. Based on our observations of a high prevalence of SCOs in patients with mutations in GNAS, we hypothesized that the severity of the mutation may correlate with the severity and/or extent of formation of SCOs. In addition, we wished to examine whether imprinting as well as sex, age, hormonal resistance, and BMI could be involved with this unique manifestation of heterotopic bone formation.
Materials and Methods
All clinical histories, physical examinations, and diagnostic workups were performed by one consistent physician over a 16-year time span (E.L.G-L.). GNAS mutation analysis was performed in all patients (see later). Of the 67 patients with documented GNAS mutations, 49 had PHP1A, and 18 had PPHP. It is important to note that it can be difficult to distinguish cases with severe PPHP from those with mild POH. The age at presentation is the age at which the patient presented either to the Albright Clinic at the Kennedy Krieger Institute or to the Johns Hopkins Institute for Clinical and Translational Research (ICTR). (Only follow-up occurred at the Connecticut sites.) The current age refers to the age at the last clinic visit. For this 16-year study, multiple physical examinations were performed by one consistent examiner (E.L.G-L.). The longest continual monitoring of the SCOs in a given patient was approximately 14.7 years with a mean 6 standard error of the mean (SEM) of 5.4 6 0.5 years. (Three adult patients without ossifications were the only patients who were not monitored over time, and they are not included in this calculation.) We excluded three patients who presented with an overlap syndrome of PHP1A and POH, in whom ossifications progressed much more rapidly and in whom the ossifications extended beyond the subcutaneous layer based on imaging studies. Anthropometric data were obtained as part of our evaluation. The most recent height and weight measurements were used to determine BMI. All heights were performed using a stadiometer (Harpenden; Holtain Limited, Crosswell, Crymych, Pembrokeshire, UK), with concomitant accurate weights [Scaletronix, White Plains, NY (Kennedy Krieger Institute, Connecticut Children's Medical Center); Detecto scale, Webb City, MO (Johns Hopkins ICTR)].
All patients had a combination of physical features consistent with AHO such as SCOs, brachydactyly/brachymetacarpia/ brachymetatarsia, obesity, round face, cognitive impairment, and, in the adults, short stature [children are usually not short (7)]. The diagnosis of PHP1A was differentiated from PPHP by the presence of multihormone resistance, including two or more of the following: PTH resistance (elevated serum intact PTH sometimes associated with hypocalcemia and hyperphosphatemia), TSH resistance (elevated TSH with low or normal free T4), clinical manifestations of GnRH resistance (oligomenorrhea, amenorrhea, and/or incomplete pubertal progression plateauing at late Tanner stage III to Tanner stage IV), and GHRH resistance as assessed by standard growth hormone (GH) stimulation testing. All patients were treated appropriately for their hormonal resistances, and all were documented to be euthyroid, had PTH values in the normal range (or intermittently within 30 pg/mL above the top normal range) while on calcitriol therapy, and were normal biochemically at the time of their physical examinations and anthropometric measurements. Except for one child who had not yet manifested PTH resistance, the remainder were on calcitriol treatment throughout the study. In any patients in whom vitamin D deficiency was determined, vitamin D levels were corrected initially and then maintained in the normal range with a few exceptions in which the insufficiency was extremely minimal intermittently. All patients were evaluated in the Albright Clinic at the Kennedy Krieger Institute (Baltimore, MD), ICTR at the Johns Hopkins Hospital (Baltimore, MD), or the Albright Center at the Endocrinology Clinic at Connecticut Children's Medical Center (Farmington, CT). All studies were approved by the Johns Hopkins Medicine Institutional Review Board (includes Kennedy Krieger Institute), Connecticut Children's Medical Center Institutional Review Board, and the University of Connecticut School of Medicine Institutional Review Board. Informed consent was obtained from all patients, or a parent of each patient, before participation. Assent was obtained when appropriate based on age and emotional/ cognitive maturity.
Ossification determination
Physical examinations were performed as described previously by one consistent examiner. SCOs were documented by palpation in all but one of the patients for whom the ossifications were confirmed incidentally upon a radiograph analysis (examples of SCOs are shown in Fig. 1 ). For all ossifications palpated, they were localized solely to the subcutaneous tissue. If the patient presented with ossifications that were deeper than the subcutaneous tissue, the patient was excluded. This was confirmed by imaging studies (such as magnetic resonance imaging). We were able to palpate ossifications as small as 1 mm on physical examination. We classified the degree of ossification formation in each patient by assigning a number (1 to 4) reflecting the extent of ossification formation as follows: 1 = ,4 ossifications, 2 = 4 to 15, 3 = 16 to 25, and 4 = .25. When examining the severity of ossification formation across all patient groups, the numbers presented previoiusly were used to calculate totals for statistical significance calculations. The number of ossifications did not necessarily correlate with the size of the ossifications. The size was measured during the physical examination at each visit to follow the progression of the heterotopic bone formation and varied considerably even within a given patient. In a small subset of cases, the early ossifications started with a bluish discoloration. The usual progression with respect to our classification was that approximately half of the patients who presented with SCO severity at level 1 or level 2 progressed one level (i.e., to level 2 or level 3, respectively). Of the 8 patients with SCOs at level 4, three males had initially presented at level 3. As stated previously, over the 16 years of monitoring by one consistent examiner, the longest continual follow-up of the SCOs in a given patient was 14.7 years, with a mean 6 SEM of 5.4 6 0.5 years.
Laboratory evaluation
Biochemical and hormonal testing was performed in the Johns Hopkins Hospital Clinical Laboratory as described previously (3, 7) .
GNAS mutation analyses
Peripheral blood from all patients was collected at the Albright Clinic at the Kennedy Krieger Institute or at the Johns Hopkins ICTR. DNA isolation and GNAS mutation analyses of the 13 coding exons and all intron/exon boundaries were performed in the Johns Hopkins DNA Diagnostic Laboratory (http://www.hopkinsmedicine.org/dnadiagnostic/), Center for Genetic Testing at St. Francis (http://www.sfh-lab.com/), or a research laboratory (E.L.G-L.) at the Johns Hopkins University School of Medicine (7, 42) . The DNA diagnostic laboratories at both Johns Hopkins and St. Francis are approved by the Clinical Laboratory Improvement Amendments.
Radiograph analyses
Most children had radiographs for bone age analyses as part of routine clinical care. These included hand/wrist and at least one other site (knee, foot/ankle) because the brachydactyly and brachymetacarpia, as well as the GNAS mutation itself, typically lead to premature epiphyseal fusion with marked advancement of the hand/wrist bone age (42) . These radiographs were performed at the Albright Clinic at the Kennedy Krieger Institute, in the Radiology Department at Johns Hopkins Hospital, or at Jefferson Radiology (Farmington, CT) as part of routine clinical evaluation in most cases, and informed consent was obtained prior to these if not part of the routine standard of care (radiographs at Kennedy Krieger and Johns Hopkins only).
Statistical analyses
SEM was calculated for each mean value. Differences in BMI z scores between patients were analyzed by unpaired two-tailed Student t tests; P values ,0.05 were considered statistically significant. Comparison of proportions and severity between males and females were also calculated by unpaired two-tailed Student t tests. Note the small punctate white lesions that are part of the ossification. (e) Very superficial ossification on the dorsum of the middle phalange. An almost identical area on the patient's thigh was thought to be a wart, but biopsy proved it to be bone.
Results

Prevalence
Over The proportion of males with ossifications was statistically significantly different than for females (P = 0.043). Examination of the severity across sex revealed statistical significance for a higher severity of SCO in males vs females (P = 0.015) as described in the Materials and Methods section. Nineteen of the patients had ossifications of .5 cm in the longest dimension at the end of 16 years of monitoring. Of these, 14 were males (73.7%).
Hormonal resistance
Hormonal resistance was evaluated and is noted in Table 1 . All patients were treated appropriately for their PTH and TSH resistances, and all were documented to be euthyroid, had PTH values in the normal range or within 30 pg/mL above the top normal range, and were normal biochemically at the time of their physical examinations. Specifically, GHRH resistance is important to note because bone has GH receptors (45, 46) . Twenty-nine of 44 patients with PHP1A tested (65.9%) had GHRH resistance, and 20 of 29 (69.0%) of these patients had SCOs. There was no difference in the prevalence of SCOs regardless of whether the patients were GHRH resistant (69.0% vs 80.0%, respectively). In addition, many of these patients were treated with GH as part of a long-term study analyzing the effect of GH therapy in this patient population. The results of that study will be described elsewhere; however, we did not observe any effect of GH treatment on the development of SCOs.
Age
There was no effect of age on the prevalence of ossifications, although the size of a small subset of the SCOs did increase with age as described previously (;15% of patients). We found that 22 of 33 (66.7%) children and 25 of 34 (73.5%) adults had SCOs. Of the children aged birth to 18 years with PHP1A, 67.7% (21/31) had SCOs, whereas 77.8% (14/18) of the adults with PHP1A had SCOs. Of the two children aged birth to 18 years with PPHP, one had SCO (50%), whereas 68.8% (11/16) of the adults with PPHP had SCOs.
Puberty
We were interested in determining whether the hormonal effect of puberty has any relationship to SCO formation. Interestingly, one boy had no SCOs at presentation at 8.9 years of age but developed SCOs at 11.3 years just after the onset of puberty. Aside from this one patient, however, there did not appear to be any worsening directly associated with puberty. One adult had worsening with pregnancy. The others seemed to have SCOs that gradually worsened with time, with the range of progression being mild in general (advancement of only one level in severity).
BMI
Anthropometric data, including BMI, are included in Table 1 . Even in the presence of obesity, we were able to detect ossifications on examination. We did not observe any relationship between BMI and ossification formation in our patients. The mean 6 SEM for the BMI z score for the PHP1A group was 2.02 6 0.16 (total of 49 patients), whereas the average for the PPHP group was 0.93 6 0.25 (total of 18 patients) (P = 0.0007). This is consistent with our prior findings (3). Although the average BMI z score was statistically significantly higher in the PHP1A group, we did not observe any statistically significant difference in the prevalence of SCO formation between the two groups, as stated previously.
Genotype
Patients with missense mutations in GNAS had fewer SCOs than patients with GNAS frameshift or nonsense mutations, as shown in Table 1 . Patients are shown as two groups, PHP1A and PPHP, and within each group, the mutations in GNAS that lead to a premature stop codon (i.e., nonsense and frameshift mutations) are listed first, followed by the missense mutations. Mutations are identified using standard nomenclature (44) . Any previously unreported mutations [based on the review by Lemos and Thakker (43) ] are denoted in Table 1 by a cross ( †). For a listing of references for each of the reported mutations, please refer to Supplemental Table 1 .
Of the patients with PHP1A, 12 had nonsense mutations, all with ossifications (100%). Of the patients with PPHP, 8 had nonsense mutations, of whom 7 had SCOs (87.5%). Of the 18 patients with PHP1A who had frameshift insertions or deletions, 16 (88.9%) had SCOs. Of the 4 patients with PPHP who had frameshift mutations, all had SCOs (100%). One patient with PHP1A had a mutation resulting in a single amino acid insertion, and this patient also had SCOs. In contrast, the patients with missense mutations in GNAS had a much lower frequency of SCOs. Of the 18 patients with PHP1A who had missense mutations (three within introns), 6 had SCOs (33.3%), and of the 6 patients with PPHP who had missense mutations (one mutation in intron), only 1 had SCOs (16.7%). We found that 13 of the 14 patients with the common exon 7 four base pair deletion (47) had SCOs with a wide variation in presentation. All but 1 of 8 patients with exon 1 c.85.T (p.Gln29*) had ossifications, again with a wide variation in presentation, as shown in Table 1 . Because of the paucity of patients with the other mutations, further associations cannot be made. Table 1 lists kindred data for the patients (denoted as a to o superscripts). We analyzed whether members of the same kindred had the same degree of SCOs. Here we observed that parents with SCOs usually had children with ossifications to the same degree. Similarly, those parents without SCOs usually had children without ossifications. Although many of the patients analyzed were the sole members of their family examined in this study, for 15 patients, multiple family members of those patients were involved in this study. Nine of the families had both a parent and a child with SCOs.
Phenotype
The physical features of AHO found in each patient, including round facies, obesity, and brachydactyly and/or brachymetacarpia, are noted in Table 1 . We have not found that the presence or degree of brachydactyly/ brachymetacarpia correlates with the findings of SCOs. Of our 38 patients with PHP1A who had brachydactyly, 25 had SCOs (65.8%). Seventeen patients with PPHP had brachydactyly, and 11 had SCOs (64.7%). The total of those with both brachydactyly and SCOs was 36 of 67 (53.7%).
Discussion
Our results (summarized in (12/18) . Of note, however, in the Marguet et al. (39) study, the patients were not reported as having been examined by a single, consistent physician, and GNAS mutations were not confirmed. Our human data regarding the prevalence of SCO formation were found to be similar to our mice with targeted disruption of exon 1 whether the mutated allele was inherited from the mother (analogous to PHP1A) or from the father (analogous to PPHP) (48, 49) . There is no evidence of paternal imprinting in skin or bone (14, 27) , and therefore, we postulate that the similar rates of SCO formation in PHP1A and PPHP are due to the fact that Ga s is normally biallelically expressed in these tissues. These data indicate that Ga s haploinsufficiency is directly related to the development of SCOs, irrespective of whether the GNAS mutation resides on the maternal or the paternal allele in both mice (48, 49) and humans. These findings also suggest that hormonal resistance does not appear to play a role in SCO formation because patients with PPHP do not have hormonal resistance. In our mouse model of AHO (25) , SCO formation in male mice was much more extensive than in female mice (48, 49) . This finding prompted us to look at sex differences as a factor, which also has not been previously examined. The occurrence of SCOs in males was 86.4% (19/22) (16/19 with PHP1A and 3/3 with PPHP) compared with 62.2% (28/45) in females (19/30 with PHP1A and 9/15 with PPHP; P = 0.043). The severity of SCOs in males vs females was also found to be statistically significant (P = 0.015), as described in the Materials and Methods section. Interestingly, our results parallel those that have been reported by several patient case series of heterotopic ossification formation in other conditions. Males are also at higher risk than females to develop heterotopic ossifications following hip surgery (50) (51) (52) (53) (54) ; the predominance in males was found to be two to three times that in females in one report (55) .
The severity of ossifications and the severity of the GNAS mutations had a direct relationship (i.e., patients with missense mutations in GNAS had fewer SCOs than patients with GNAS frameshift or nonsense mutations), implying that a genotype-phenotype correlation exists and that persistent basal or agonist-stimulated cyclic adenosine monophosphate signaling is preventative in the development of SCOs. A similar correlation between the presence of SCOs and severity of GNAS mutations was also observed by de Sanctis et al. (41) . Based on these considerations, it will be important to assess expression and signaling of the mutant Ga s proteins using murine fibroblast-like cell lines lacking Ga s (56) , as well as assess quantitatively Ga s levels in the ossified lesions and to correlate these with the degree of ossifications. In addition, parents with SCOs usually have children with ossifications to the same degree. Similarly, those parents without SCOs usually have children without ossifications, adding further evidence to the genotype-phenotype correlation.
We also examined the age at which SCO formation occurred to determine whether these are evident from birth or if they develop progressively. This was difficult information to ascertain because patients often present to us later than the newborn period. Many times, these ossifications go undetected for some time.
In addition, we were interested in determining whether the hormonal effect of puberty has any relationship to SCO formation. As described in the Results section, we did not observe any worsening of SCOs that seemed to correlate with puberty except for one patient in our study who developed SCOs just after the onset of puberty. Rather, SCOs gradually worsened with time, and progression was generally mild. This is consistent with our data in mice (49) .
A limitation of our study is that not all SCOs are palpable. For example, in one of the patients we examined, we were unable to palpate any SCOs; however, we were able to see the SCOs as an incidental finding on X-ray (performed for purposes of a bone age determination). This makes us question whether all patients would have some evidence of SCO formation if they were to undergo full-body radiographs. In addition, it is not possible to state that if ossifications do not develop by a specific age, then they do not develop. We saw a varying range of ages at which ossifications formed.
In summary, we have found that the prevalence of SCOs in PHP1A and PPHP is similar, as in our mouse model (48, 49) , which in and of itself implicates that paternal imprinting, hormonal resistance, and BMI are not involved. The degree of SCO formation correlates with the severity of the GNAS mutation, and the SCOs are more frequent and extensive in males than in females, again correlating with our findings in mice (48, 49) . The severity of the SCOs seems to increase with age (57, 58) .
SCOs are a great source of morbidity for patients with AHO, as well as for patients with other conditions. They can form spontaneously or secondary to trauma (49, 57) . Patients often have these SCOs surgically removed, but even then, they often recur. There are no successful drug therapies to date for the SCOs in AHO. Understanding the etiology for SCO formation could lead to new treatment modalities for this problem in AHO, as well as therapies for conditions involving more invasive heterotopic ossifications. In addition, understanding the factors that limit the heterotopic bone formation specifically to the subcutaneous layer in AHO could lead to treatments aimed at hindering ossification formation that is more invasive, such as with POH or the common heterotopic ossifications following surgery and trauma. Finally, these findings may be of future relevance in helping to understand the etiology of osteogenesis in general.
